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Synopsis
The design guidelines for retrofitting the existing steel bridge piers are drafted in the Hanshin Expressway
Public Corporation. A seismic retrofitting method not filling the column member with concrete in a steel bridge
pier is introduced. In the method, existing longitudinal stiffeners are still more stiffened wit~ the additional flange
plates, and the plate panels between the existing longitudinal stiffeners are stiffened with the additional
longitudinal stiffeners. Moreover, narrow gaps are introduced in the additional longitudinal stiffeners and the
additional flange plates at the intersections between them and the transverse stiffeners or diaphragms to mitigate
the ultimate strength increment of the column member itself due to the retrofitting. Proposed in this paper is a
method to determine the optimum spacing of high strength bolts connecting the additional flange plates to the
existing longitudinal stiffeners through the elasto-plastic and finite displacement analysis using a stiffened plate as
an analytical model.
KEYWORDS: Retrofitting, Existing Steel Bridge Pier, High Strength Bolt, Spacing of Bolts,
Elasto-Plastic and Finite Displacement Analysis
1. Introduction
After the Hyogo-ken Nanbu Earthquake, many energetic investigations have been carried out for developing
ductile steel bridge piers, which can support superstructures without increasing their elastic strength against such a
strong earthquake as the Hyogo-ken Nanbu Earthquake. On the basis of the results of these researches, the seismic
design method in the Japanese Specifications for Highway Bridges (JSHB) [1] was revised in December 1996. In
this seismic design method, the composite bridge piers of which steel columns are filled with concrete inside them
are recommended as one of the most effective and economical ones. No recommendable structures seem to be
specified except for the rectangular cross section with corner plates to make steel cross sections ductile (see Fig.
1).
Design guidelines [2] were drafted in the Hanshin Expressway Public Corporation (HEPC) for retrofitting the
existing steel bridge piers by referring to Ref. [1] and the recent research results [3]. According to the design
guidelines, the HEPC takes the policy to retrofit the component stiffened plates not filling the column member
with concrete in a steel bridge pier with box section in the case that by filling the column member with concrete
its ultimate strength exceeds more than that of the basement structure consisting of anchor bolts and footing
concrete and consequently the basement structure collapses. In order to retrofit the component stiffened plates, the
existing longitudinal stiffeners are still more stiffened with the additional flange plates, and the plate panels
between the existing longitudinal stiffeners are stiffened with the additional longitudinal stiffeners as shown in Fig.
1. Moreover, narrow gaps are introduced in the additional longitudinal stiffeners and the additional flange plates at
the intersections between them and the transverse stiffeners or diaphragms to mitigate the ultimate strength
increment of the column member itself dpe to the retrofitting as shown in Photo. 1.
In the method for retrofitting the stiffened plates, usually high strength bolts are used to connect economically ·
and practically the additional flange plates to the existing longitudinal stiffeners, as shown in Photos. 1 and 2. No
adequate way to determine the spacing of high strength bolts M22 is, however, suggested. Therefore, a practical
approach mentioned afterwards is adopted.
The authors have already demonstrated the concept of the seismic design method in the HEPC and a trial
design example according to this method by taking an actual steel bridge pier of a rigid framed structure with two
stories and one span as an example in Ref. [4].
Proposed in this paper is a method to decide the optimum spacing of the high strength bolts through the elasto-
plastic and finite displacement analysis using a stiffened plate as the analytical model.
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Photo. 1 Example of high strength bolt connection (actual case)
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Fig. 1 Example of retrofitting
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2. Present method for deciding the space of high strength bolts
Fig. 2 illustrates the present method for deciding the spacing of the high strength bolts connecting the
additional flange plates to the existing longitudinal stiffeners. In the present met~od, a beam-column model
consisting of a plate panel and one longitudinal stiffener subjected to the lateral force P, , which is derived
according to the design concept of Clause 10.7 Pony Truss in II Steel Bridge of the JSHB [5]. In the clause, it is
specified that upper chord members in pony trusses should resist against the lateral force equal to one hundredth
of the maximum applied axial compression force as shown in Fig. 2(b).
Pp : Squash load
Pp
(a)Cross section of beam-column" model (b)Beam-column model with lateral force
Fig. 2 Idealization of stiffened plate into beam-column model
Supposed that the beam-column model is subjected to the lateral force Pr equal to one hundredth of the fully
plastic axial force Pp (Pp = a yAH)' then the shear force 5H per unit length "along the axial direction of the force is
given by:
(1)
where:
a y : the yield stress of steel material
A H : the cross-sectional area of the beam-column model
Sv : the shear force due to P r
A r : the cross-sectional area of the additional flange plate
d : the distance between the neutral axis of the retrofitted cross section w~th the additional flange plate
and that of the additional flange plate
IR ' : the geometric moment of inertia of the retrofitted longitudinal stiffener stiffened with the additional
flange plate with respect to the plate panel surface
By using 5H, the spacing of the high strength bolts, L req can be derived from Eq. (2).
L req =p ae/SH (2)
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where P ae means the allowable strength of a high strength bolt against the seismic load which is equivalent to the
ordinary allowable strength of a high strength bolt, P a multiplied by 1.5 as the increasing factor considering
seismic load.
By taking account of Lreq, calculated by Eq. (2), and the maximum spacing of high strength bolts for M22, the
spacing of high strength bolts for this slip-resistant connections is about IDcm, as shown in Photo 2, which is
adopted in the practical use.
Diaphrag
Existing longitudinal stiffener
Stiffened plate panel
Photo. 2 Practical example of spacing of high strength bolts
3. Analysis and Analytical model
3.1 Analytical Model
The validity of the spacing of th~ high strength bolts in the practical use mentioned above is investigated
through a computer program USSP [7] for the elasto-plastic and finite displacement analysis of stiffened plated
structures by using an analytical model with the initial deflection shown in Fig. 3. A stiffened plate of the Cross
Section No. 2 in a bridge pier, which was practically retrofitted by the method mentioned in this paper and is
called Hokko-Nishikitade P-2 in HEPC, is selected as the analytical model. Although no bolt connections are
modeled in the analytical model, the shear force per unit length at each bolt location is figured out. The calculation
results of the shear force per unit length at each bolt location are shown and discussed later in 4.1 and 4.2.
The analytical model with its mesh division is illustrated in Fig. 4 and the boundary conditions for the model
are summarized in Table 1.
?"/.7..lJ : Analytical part for F.E.M.
Retrofitted
longitudinal stiffener
Diaphragm
Retrofitted Ion itudinal stiffener
Additi nallongitudinal stiffener
Transverse stiffener
(c)Cross section iA of stiffened plate
Diaphragm
Initial deflection for plate panel between retrofitted longitudinal stiffeners
Retrofitted longitudinal stiffener
Initial deflection for overall stiffened plate
(b)Side elevation of stiffened plate
Fig. 3 Stiffened plate panel under consideration and initial deflection adopted in analysis (unit:mm)
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Fig. 4 Mesh division of F.E.M. model
Table. 1 Boundary conditions
Plane / Line
PQRS
PS
PO
QR
RS
TV
VW
Boundary conditions restrained
f}z
f}x, f}z
u, f} y' f} z
f}x, f}z
u, f} y' f} z
v, w, f}y, f}z
f}z
3.2 Initial Deflection Curves adopted in Analysis Model
The initial deflection curves for the analytical model consists of two double sinusoidal waves defined in Eqs.
(4) and (5). These are the initial deflection for overall stiffened plate panel with a/l,OOO as the maximum value
and one for the plate' panel between longitudinal stiffeners with b/150 as the maximum value, respectively as
follows:
( ) a . 10/ • (XX 1t)W Z =--Sln-Sln -+-
1,000 a B 2
() b . 510/ • mv Z = -sIn--sIn -
150 a b
(4)
(5)
where a is the spacing of the transverse stiffeners, 250 cm, b the spacing of the longitudinal stiffeners, 50 cm and
B the width of the stiffened plate panel, 3,500 cm.
3.3 Idealization of Retrofitted Longitudinal Stiffeners
An idealized shape is adopted in the retrofitted longitudinal stiffener of the analytical model to make the
numerjcal analysis by USSP easy. The idealized longitudinal stiffener in the analytical model has the web
consisting of two plates with different thickness, as illustrated in Fig. 5(b). Through the idealization, the geometric
moment of inertia and the cross-sectional area of the idealized longitudinal stiffener have an error less than only
3% compared with the original retrofitted longitudinal stiffener as listed in Table 2.
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(a)Practicallongitudinal stiffener retrofitted with additional flange plate (b)Idealized longitudinal stiffener
Fig. 5 Idealization of retrofitted longitudinal stiffener (unit: mm)
Table. 2 Errors due to idealization
Items Retrofitted longitudinal Idealized longitudinal
stiffener stiffener
Errors
(%)
Geometric moment of inertia (cm4) 3.264 X 104 3.356 X 104 2.79
Cross-sectional area (cm2) 103.12 104.67 1.50
4. Numerical Results
Fig. 6 shows the axial compression force, P and the average axial strain, -; curve, in which the ordinate is the
applied axial compressive force, P divided by the fully plastic axial force concerning the ~ross-sectional area
before being retrofitted, PYSA ' and the abscissa is the average strain per unit length, -; divided the yield strain, E
y.
It can be seen from Fig. 6 that the ultimate axial compression force of the retrofitted stiffened plate model
increases by 10% than that of the stiffened plate model before being retrofitted.
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Fig. 6 Axial compressive force and
average axial.strain curve
Fig. 7 Distributions of shear force
per unit length in several load steps
Fig. 7 illustrates the distributions of the shear force SH per unit length along the location line of the high
strength bolts in several load steps. The value of SH , calculated according to the method described later in 4.2,
becomes substantially large at the edge of the additional flange plate and extremely small near the center part ofit.
It is observed from Fig. 6 that SH takes its maximum value not at the load level of the ultimate value of P/PYSA ' but
at 0.6 times of the ultimate value.
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4.1 Optimum spacing of high strength bolts
It can be assumed that some high strength bolts located in the place near the edges of the additional flange
plates share the shear force along the place. The shear force per unit length near the edges is substantially
concentrated near the edges.
By making reference to the distribution shape of the shear force used in the design of shear .connectors in
composite girder bridges in IT .Steel Bridges, JSHB, as shown in Fig. 8, the distributions of SH can be
approximated by a triangular shape as illustrated in Fig. 9.
Lh : lesser length of band Lc/IO
F=~Q;
~.
r$
~
~~~::a:~~~:::It::::~=~
Fig. 8 Distribution of shear force used in design in JSHB[5]
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Fig. 9 Triangular distribution of shear force per unit length at load level 0.6 P/PYSA '
XUY
In Fig. 9, Lb is taken as the smaller one of the spacing of the longitudinal stiffeners, b and one tenth of the
spacing of the transverse stiffeners or diaphragms as follows:
Lb = min { b; a/10 } (6)
Lb can be, therefore, given as 25 cm in the analytical model.
On the assumption that the first bolt is set at the location of 4.0cm from the edges of the additional flange
plates and that the next one is apart from the first one by 15 cm, the maximum shear force applied to the first bolt,
Smax' which is defined as the area of the colored trapezoid part in Fig. 9, is computed at 111,200 N, where 4 em is
decided on the basis of the minimum distance 3.7 em from the edges of plates and 15 em is corresponding to the
maximum spacing for M22 bolts in JSHB.
While the allowable strength of the M22 bolts is 144 kN (=1.5 x 96) according to the JSHB, where 1.5 is the
increasing factor for the seismic. Then the value of Smax is less than that of the allowable strength. The maximum
spacing, 15 cm can be, therefore, considered as an adequate spacing of high strength bolts.
4.2 Calculations of shear force per unit length, SH from analytical results
Let us consider a plate element, abed with its short length, /),.L extracted from the additional flange plate
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subjected to the axial compression force N as shown in Fig. 10. Then the shear force along the boundary be
corresponding to the bolts line can be obtained from the next equation by considering the equilibrium upon the
applied axial force in the plate element. .
s= ~N (7)
where ~N is difference in the axial compression forces on the boundaries ab and de, and can be calculated
through the integral of the difference of the in-plane stresses on the boundary ab and de, which are numerically
analyzed by USSP.
Finally the shear force per unit length, SH can be obtained as follows:
a
b
d
c
Additional
flange plate
~ Bolts line
(8)
Fig. 10 Plate element extracted from additional flange plate
4.3 Decision method for spacing of high strength bolts
The spacing of high strength bolts currently used in practical, IDem can be a little conservative, compared with
the investigations mentioned above. The following rational decision method for the spacing of high strength bolts
can be recommended on the basis of the investigation.
i) The first high strength bolts from the edges are located apart from the edges of the additional flange plate by 4
cm as shown in Fig. 11.
ii)The optimum spacing of the high strength bolts, Lb can be decided by:
(9)
where
Le : the distance of the first bolts of the edges.
nb : the integer rounded up the·value ofLe divided by the maximum spacing, 15 cm.
The number of the required high strength bolts is, therefore, nb+1.
Diapluagm
Additional flange plate
Diap~
Lb =Lt: Inb (nb-1~/15.0~b)
Fig. 11 Practical method for deciding spacing of high strength bolts
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5. Conclusions
The Hanshin Expressway Public Corporation has drafted a seismic retrofitting method for the stiffened plates
of existing steel bridge piers in which the other seismic retrofitting method filling its column member with
concrete can not be adoptable. In the method, the existing stiffened plate panels are stiffened still more by the
additional longitudinal stiffeners between the existing longitudinal stiffeners and the additional flange plates at the
tops of them. The additional flange plates are generally connected to the existing longitudinal stiffeners with high
strength bolts, narrow gaps are introduced in the additional longitudinal stiffeners and the additional flange plates
at the intersections between them and the transverse stiffeners or diaphragms to mitigate the ultimate strength
increment of the column members themselves due to the retrofitting.
In this study, the elasto-plastic and finite displacement analysis was carried out to investigate the appropriate
spacing of high strength bolts used to connect the additional flange plates to the existing longitudinal stiffeners.
Main conclusions obtained in this study are summarized as follows:
i) The distribution characteristic of the shear force per unit length along the line of the bolt locations is clarified
through the elasto-plastic and finite element analysis by using a retrofitted stiffened plate as an analytical
model.
ii) The shear force per unit length near the ends of the additional flange plate of the analytical model becomes
extremely larger than the other parts of the retrofitted longitudinal stiffener.
iii) The spacing of the high strength bolts can be 15cm, which is corresponding to the maximum spacing specified
in Japanese Specifications for Highway Bridges.
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